Abstract-A new noninvasive ultrawide-band (UWB) microwave method for hyperthermia treatment of breast cancer is proposed. A train of UWB pulses are passed through a space-time beamformer and transmitted simultaneously from multiple antennas into the breast. The filters in the space-time beamformer are designed to compensate for dispersive propagation through breast tissue so that the pulses from each antenna add coherently at the treatment location and add incoherently elsewhere. Thus, the transmitted microwave energy is tightly focused at the treatment location to produce localized heating. The effectiveness of this procedure is shown by calculating the power density deposited in the breast using finite-difference time-domain (FDTD) electromagnetic simulations of realistic numerical breast phantoms derived from magnetic resonance images of patients. Both supine and prone patient configurations are considered. The robustness of our approach to variations in breast density and heterogeneity is demonstrated. We also present examples of temperature distributions calculated using the FDTD method applied to a simple thermal model for the breast phantoms. The results illustrate that, within the confines of this model, our UWB approach achieves sufficiently elevated temperatures in the vicinity of small tumors while maintaining safe temperatures throughout the remainder of the breast. The promising outcome of this feasibility study suggests that further development of this technique should be pursued.
B
REAST CANCER is one of the most common types of cancer and a major cause of death among women. Each year in the U.S., almost 180 000 women are diagnosed with breast cancer. 1 Treatment for early-stage breast cancer typically involves a lumpectomy or partial mastectomy to remove the carcinoma and its margins, followed by radiation therapy to destroy any remaining cancer cells. For larger tumors, pre-operative chemotherapy may be used to shrink the tumor to conserve a larger portion of the breast.
Clinical studies have shown local hyperthermia to be effective in the treatment of breast cancer [1] - [3] , as well as other types of cancer [4] - [7] when delivered as an adjuvant to radiation and/or chemotherapy. The objective of hyperthermia treatment is to raise the temperature in the tumor volume above 42 C-43 C for a sufficient period of time in order to achieve cell death or render the cells more sensitive to ionizing radiation and chemical toxins [8] . The persistent challenges with hyperthermia treatment are preferentially heating the cancerous tissue while maintaining the surrounding healthy tissue at temperatures well below 42 C (i.e., avoiding the introduction of auxiliary foci, or "hot-spots") and noninvasively monitoring the thermal dose delivered to the cancerous tissue. Consequently, a great deal of research has been conducted to develop more effective techniques for hyperthermia treatment over the past two decades, primarily using RF, microwave, and ultrasound energy. The field of ultrasound hyperthermia has seen the most progress and is currently the most commonly used heating method. Both single-focused and phased-array transducers [9] , [10] are employed to obtain preferential heating.
There have been a number of recent advances in electromagnetic (EM) hyperthermia techniques, applicator designs, and monitoring approaches [11] . Most of the investigations to date have focused on narrow-band (NB) techniques employing phased arrays. For example, Kowalski et al. [12] have proposed a method to selectively heat regions deep inside the body using EM annular phased arrays (APAs) with the aid of magnetic resonance imaging (MRI) for temperature estimation. A controller chooses the optimal amplitudes and phases of the RF driving signals of the APA based on a parametric model that relates the control inputs to the resultant temperature elevations. This approach can be incorporated in a closed-loop temperature feedback control system as demonstrated with simulations in [13] . The hyperthermia technique developed by Fenn et al. [14] employs an adaptive microwave phased-array technique to focus power at desired locations in the breast. Feedback is provided via invasive electric-field probes, which measure the EM energy deposited at various locations in the breast, including 0018-9480/04$20.00 © 2004 IEEE the tumor site. This system has recently been tested on rabbit thighs [15] . Jacobsen [16] recently proposed an alternative NB approach based on the use of multiple frequencies and an APA. Preliminary results suggest that distributing the transmitted power over a frequency band (in this case, three different sinusoidal components over a 520-MHz band) produces fewer hot spots in the volume to be heated.
In this paper, we present a numerical investigation of the feasibility of using an ultrawide-band (UWB) microwave space-time beamforming system to focus microwave energy at a lesion site. We achieve this focus by first passing the UWB pulse train though a bank of finite-impulse response (FIR) filters, one in each antenna channel, which compensate for dispersive propagation effects. The signals are time delayed to compensate for the expected propagation delay of the signal traveling from the antenna to the focal spot and then simultaneously transmitted into the breast. This process creates constructive interference at the focal spot. An anatomically realistic two-dimensional (2-D) finite-difference time-domain (FDTD) EM breast model is used to simulate the absorbed EM power density distributions that result from our focusing algorithm. The effectiveness of the focusing algorithm is evaluated with respect to hypothesized variations in the breast tissue dielectric properties to demonstrate the robustness of this approach. Such variations are to be expected in a clinical setting due to the natural heterogeneity of breast tissue. A simple thermal model is also used to illustrate that the temperature requirements for hyperthermia treatment can be achieved by our UWB approach.
The proposed UWB microwave hyperthermia approach is a natural companion to the UWB space-time microwave imaging method of [17] for detecting and localizing lesions. First, the tumor is localized by sequentially transmitting low-power UWB pulses from antennas located near the surface of the breast. The received backscattered signals are passed through a space-time beamformer that is designed to image backscattered signal energy as a function of location. The low-power imaging scan of the breast inherently contains the information needed to tightly focus high power pulses at the detected site of the tumor. Thus, the transmit focusing algorithm described in this paper is used to launch high-power signals from all antennas simultaneously to focus energy in the breast. Our focusing algorithm enables the same antenna array to be used for the detection and treatment of lesions, leading to a noninvasive, cost-effective system. Furthermore, this coupling of the detection and treatment aspects facilitates the continuous updating of the precise location of the tumor site, thereby compensating for patient movement and introducing robustness to errors in assumed microwave properties of breast tissue. While the monitoring of thermal dose throughout the breast region is beyond the scope of this paper, we note that our approach is compatible with noninvasive temperature monitoring schemes currently under investigation, e.g., microwave [18] - [20] and ultrasound [21] thermometry.
The following section presents the beamformer design procedure used for focusing signals. In Section III, we describe the methods used to evaluate the feasibility of our focusing strategy. EM power density and temperature distributions are presented in Section IV to demonstrate the performance, followed by concluding remarks in Section V. Lower and upper case boldface Roman type are used to denote vector and matrix quantities, respectively. Superscripts and denote matrix transpose and Hermitian (complex-conjugate transpose), respectively, while superscript denotes complex conjugation.
II. MICROWAVE HYPERTHERMIA VIA SPACE-TIME BEAMFORMING
The use of a multiantenna array offers the opportunity for transmitting signals that constructively interfere at a desired location and, thus, provide selective heating. Constructive interference is obtained with NB (single-frequency) focusing methods [12] , [14] by adjusting the amplitude and phase of a sinusoidal signal in each antenna channel to compensate for the expected radial spreading and time delay incurred when the signal propagates from the antenna to the target focal point. Our UWB approach uses a space-time beamformer to implement frequency-dependent amplitude and phase adjustments in each channel. Thus, analogous to NB methods, UWB methods also exploit constructive/destructive interference in space. However, an UWB approach further exploits incoherent combining of power across frequency and space. The mainlobe peak for each frequency component of the UWB signals occurs at the focal location, thus, the total power deposited at the focal location is equal to the integral over frequency of the power deposited by each frequency component. Away from the focal location, some frequencies have sidelobe peaks, while others have nulls so the combined power is proportionally less than the combined power at the focal location. Hence, UWB focusing may offer the potential for lower overall sidelobe levels than NB focusing, for a fixed mainlobe power. UWB focusing may also be more robust to variability in breast density between patients since the optimum frequency for focusing NB signals is dependent on the dielectric properties of the breast, which varies with breast density. Use of UWB signals for focusing eliminates this problem.
In order to achieve preferential heating, we design the space-time beamformer to achieve unit gain at the focus location , while minimizing gain elsewhere in the breast. The focus location represents the location of the tumor, which can be determined using any number of different imaging techniques. However, there is an advantage to using the same propagation model for tumor localization as is used for transmit-focusing beamformer design. If mismatch between the assumed propagation model and actual propagation characteristics introduces an error in estimated tumor location, the mismatch resulting from the use of the same propagation model for transmit focusing will cause energy to be focused at the true tumor location. Fig. 1 depicts a block diagram of a time-domain beamformer implementation for depositing energy at . In this paper, we assume the antenna array contains elements. Furthermore, the UWB microwave signal is assumed to be a discrete differentiated Gaussian with full-width at half maximum equal to 110 ps for a sampling interval of ps. The bandwidth of this pulse approximately extends from 1 to 11 GHz with peak spectral energy near 6 GHz. In each channel, passes through a FIR filter that compensates for dispersive propagation effects [22] . The signal in each channel is then time delayed to compensate for bulk propagation delay. The time-delayed signals are simultaneously transmitted into the breast and coherently combine at location .
Although the UWB approach requires a time-domain implementation to simultaneously transmit UWB pulses, the design of the space-time beamformer can be performed in the time or frequency domain, just as with beamformer design for tumor detection [17] , [23] . We choose the frequency-domain approach, as it requires substantially less computation than that required by the time-domain approach. A block diagram of a conceptual frequency-domain beamforming implementation employed for design is shown in Fig. 2 . Here, is the -point discrete Fourier transform (DFT) of the UWB signal , where is the th DFT frequency. The DFT length is determined using the travel time to a point in the imaging region at maximum distance from the antennas. We choose points so spans dc to 50 GHz in 63 uniform steps. At each frequency, the FIR filters in Fig. 1 are represented by multiplication by complex constants in Fig. 2 , and the time delay corresponds to a phase shift that is a linear function of frequency. Here,
, where the delay is computed from the average wave propagation speed and the distance between the th antenna and the focal point . We choose to be an arbitrary delay greater than to ensure causality. The model for propagation from the transmitter to location is depicted on the right-hand side of this figure. The term is an analytical model of the frequency response associated with propagation from the th antenna to location .
Denote the beamformer weight in the th channel at DFT index as . As in [23] , the beamformer is designed only at the frequencies that lie in the UWB pulse band and set to zero at frequencies that lie outside of this band. In order for the beamformer to compensate for one-way propagation to location , we require the combined effects of the coarse time alignment and propagation to have unit gain and linear phase, as shown in Fig. 2 , and is given by (1) The linear phase term on the left-hand side of (1), i.e.,
, represents the time delay in Fig. 2 , and is the average time delay introduced by the length FIR filters with sampling interval . Let be the frequency response remaining after factoring the linear phase-shift term associated with the one-way propagation delay out of (2) Equation (1) can be rewritten as (3) Now form the column vectors This allows for (3) to be written compactly as (4) We employ a penalized least squares solution to (4) that trades solving the constraints of (4) exactly against the robustness of the solution. The robustness of a beamformer to errors between actual and assumed propagation models and to background noise is proportional to the norm of the weight vector [24] , [25] or noise gain. The penalized least-squares problem is formulated as (5) where is a matrix representing the structure of the penalty, and is a real nonnegative parameter whose value is selected to scale the impact of the penalty. We set to 1. The matrix is chosen to be a diagonal matrix with entries as this choice offers a balance between white noise gain and the sensitivity to tissue propagation errors [26] . Using this choice for the penalty, the solution to (5) is obtained as (6) The FIR filter weights in the th channel, i.e., , are obtained by performing the inverse DFT of . The propagation model used in the design of the beamformer assumes transmission through two uniform dielectric media: a coupling medium consisting of deionized water and normal breast tissue. Note that skin and malignant breast tissue media are not included in the propagation model. The antenna array is located in the coupling medium near the breast medium. An estimate of the minimum distance, i.e., , the UWB pulse travels in the coupling medium from the th antenna to the breast surface, which is obtained by processing the received signals obtained from a low-power transmission of the UWB signals. The dominant backscattered response in each received signal is due to the interfaces between the coupling medium, skin, and breast. By matched filtering the transmitted signal with each received waveform, an estimate of the round-trip time delay from the transmitting antenna to the interface is obtained. Multiplying half of this time delay with the average wave propagation speed in the coupling medium yields the estimate of . For any location in the breast region, we assume that the distance the pulse travels in the breast, i.e., , is given by the distance from the th antenna to location minus the estimated distance the UWB pulse travels in the coupling medium (7) where is the location of the th antenna.
The monostatic frequency response incorporates the frequency-dependent propagation effects in the coupling medium and normal breast tissue, explicitly shown by the product of two quantities in the following equation: (8) where and are the frequency-dependent attenuation constants in the coupling medium and breast, respectively, and and are the frequency-dependent phase constants in the coupling medium and breast, respectively. A farfield approximation is inherent in (8) . Although this propagation model involves several simplifying assumptions, we show in Section IV that this model results in designs that are effective in realistic scenarios.
III. NUMERICAL MODELS FOR PERFORMANCE EVALUATION
We investigate the feasibility of UWB space-time beamforming for hyperthermia treatment using 2-D simulations to calculate distributions of absorbed power density and temperature throughout the breast. This approach allows for rapid evaluation of the potential performance of our proposed UWB hyperthermia technique. Our previous experience with successfully extending receive-focusing beamformer designs from 2-D [17] , [23] to three-dimensional (3-D) [27] suggests that the 2-D design and implementation of the transmit-focusing beamformers presented here can also be readily extended to 3-D. We also expect that the performance in 3-D will be qualitatively similar to that presented here in 2-D.
A. Anatomically Based Breast Phantoms
Two possible patient positions are considered in this feasibility study. In both configurations, the breast is immersed in a deionized-water bolus, which not only serves as a coupling medium, but also provides superficial cooling. The first position involves the patient lying in the supine (or face-up) position. In this position, the antenna array is placed near the surface of the naturally flattened breast. This configuration allows better access to smaller breast volumes and tumors adjacent to the chest wall. The second configuration involves the patient lying in the prone (or face-down) position with the breast extending through an opening in the treatment table. In this position the antenna array encircles or in some other manner surrounds the pendulous breast. This configuration allows easier access to the full volume of the breast. To approximate the supine configuration in 2-D, we consider a sagittal plane through the breast with antennas positioned along the top of the breast, as shown in Fig. 3(a) . The grayscale display of the interior of the breast shows the anatomically realistic variation of the permittivity within the breast, which is derived from the density variation of a high-resolution (0.625 mm 0.625 mm pixel size) breast MRI data set. Here, lighter regions represent higher dielectric-property values of denser fibroglandular tissue, while the darker regions represent lower dielectric-property values of less dense adipose tissue. To approximate the prone position in 2-D, we consider a coronal plane through the breast with antennas surrounding the breast, as shown in Fig. 3(b) . We note that the between-plane resolution of the original 3-D MRI data set (1.5-mm spacing between MRI slices) is lower than the in-plane resolution. Since the in-plane scans correspond to the sagittal plane, it is the coronal plane that is affected by the lower between-plane resolution. This explains why there is a slight decrease of clarity in the coronal image. The data from each MRI data set is interpolated to achieve the desired grid resolution for the EM model.
A 2-mm-diameter malignant tumor has been inserted into each breast model. In the sagittal model of Fig. 3(a) , the tumor is shown in a central location in the breast at a depth of 3 cm below the surface of the breast. In the coronal model of Fig. 3(b) , the tumor is also shown in a central location in the breast at a distance of 3-3.5 cm from the surface of the breast. Thus, each model is composed of the following four different media: 1) heterogeneous normal breast tissue; 2) skin; 3) malignant tumor; 4) deionized water.
B. EM Model
A 2-D FDTD-based EM model is used to investigate the effectiveness of our UWB space-time beamforming strategy for focusing energy at the site of the tumor. The FDTD EM model solves Maxwell's equations on a discrete spatial grid comprised of a numerical breast phantom and antenna array configuration shown in Fig. 3 . The grid resolution used for these simulations is 0.5 0.5 mm. The dispersive tissue properties are incorporated in a manner similar to that presented in [28] . The dispersion characteristics are modeled using single-pole Debye dispersion equations of the following form:
Here, is the relative permittivity at infinite frequency, is the static relative permittivity, is the static conductivity, and is the relaxation time constant. The specific Debye parameters for each of the materials are listed in Table I . Note that and denote the values of permittivity and conductivity at 6 GHz generated by the Debye model.
In practice, the average density of normal breast tissue and the degree of heterogeneity will vary from patient to patient with a certain margin. Therefore, in order to assess the robustness of our approach with respect to hypothetical variations in the characteristics of normal breast tissue, we consider five scenarios of normal breast tissue properties spanning the continuum from a breast model consisting of mostly fatty tissue (lower permittivity and conductivity) to that consisting of mostly fibroglandular tissue (higher permittivity and conductivity). Table I shows the five Debye parameter sets for the nominal dielectric properties of these normal breast tissue scenarios. Within each class of breast tissue density, we also consider five scenarios of variability about the average dielectric properties, ranging from 10% to 50%. Thus, we obtain 25 different EM models with breast phantoms that range from mostly fatty tissue with little variability to very dense tissue with extreme heterogeneity. We note that these 25 cases were also used to test the robustness of the UWB space-time beamforming technique proposed for breast cancer detection [17] .
The antennas are modeled as electric-current sources. We calculate the input power provided by each current source as follows: (10) where is the assumed repetition rate of the pulses, and are the electric field and current density computed at each antenna location at time step , is the grid cell size in the 2-D FDTD model, is the simulation time step, and is the maximum number of time steps required to compute the response to a single UWB pulse radiated from each antenna. Since this is a 2-D simulation, the input power is normalized on a per-meter basis, yielding units of watts per meter.
EM power deposition is a well-accepted figure-of-merit for evaluating the effectiveness of the focusing strategy employed in hyperthermia. Therefore, using data computed during the FDTD simulation, we calculate the heating potential ( ), i.e., the power dissipated per unit volume, as a function of location in the breast. We note that is directly proportional to the specific absorption rate (SAR) with tissue density being the constant of proportionality. We calculate using time-domain field quantities as follows [29] : (11) where and are the computational lattice indices.
C. Thermal Model
Ultimately, the success of any hyperthermia approach depends on the resulting temperature distribution. We have constructed a relatively simple 2-D FDTD thermal model to obtain preliminary insights about the effectiveness of our proposed UWB space-time hyperthermia technique in selectively raising the temperature of a specified region in the breast. The model is based on the well-known bio-heat equation (12) which is discretized using the method of [31] . Here, is the specific heat, is the density, is the thermal conductivity, represents metabolic heat production, is the deposited EM power density, is a constant representing the heat exchange mechanism due to capillary blood perfusion, and is the blood temperature (assumed to be at body temperature). A discussion of the thermal parameters and their role in the bio-heat equation is found in [31] . The thermal model consists of the same four media as the EM model and utilizes the same computational lattice. Thermal property data for the different elements are shown in Table II . All values have been taken from the literature when possible. Where we have been unable to find values specific to the breast, thermal constants have been approximated using values for other tissue types. Tumor density, metabolic heat generation, and the blood perfusion constant have been set to known values for breast tissue. The breast perfusion constant and metabolic heat generation have been set to a value determined for muscle. This model utilizes convective boundary conditions at the skin surface to simulate chilled water cooling. A constant temperature boundary condition of 37 within the chest wall is used in the sagittal simulation. All simulations are run to steady-state conditions; therefore, basal temperature distributions are automatically accounted for.
IV. SIMULATION RESULTS
Here, we begin with an investigation of our focusing approach using a simple homogeneous breast model surrounded by the coupling medium of deionized water to examine the accuracy and focusing ability in a scenario that closely corresponds to the design assumptions. In Section IV-B, we examine the EM focusing effectiveness in an anatomically realistic breast model. This model includes the scattering effects of the skin and the heterogeneity of the breast associated with normal glandular and adipose tissue. The presence of the tumor also introduces a scattering effect and a local increase in the power density due to the higher conductivity of the tumor. Section IV-C uses a simple thermal model to illustrate the temperature distribution resulting from one of the power density distributions.
A. Beamformer Power Deposition in a Homogeneous Breast Model
The design strategy presented in Section II assumes a homogeneous propagation model so here we evaluate focusing on the presence of minimal errors between the assumed and actual propagation paths. This investigation also permits the evaluation of focusing under conditions where there is no dielectric-properties contrast between the heating zone and surrounding tissue. For this investigation, the heterogeneity, skin layer, and tumor shown in Fig. 3 are removed from the FDTD model. The dispersive properties of deionized water and breast #1, shown in Table I , are used in the FDTD simulation. Fig. 4 illustrates the focusing capability of the beamformer for the supine configuration. In Fig. 4(a) , the beamformer is designed to focus at . The maximum occurs at 3), as indicated by the " " marker. At , the is 1.5 dB less than the maximum. The image shows that at a lateral distance of 1.0 cm away from the design location, the is 8 dB below the maximum. Fig. 4 (b) depicts when the focus location is off-center at . Here, the maximum is at (7.9, 1.5). Once again, the location of the maximum occurs at a shallower location than the desired spot. This is expected since the beamformer focus is biased toward shallower regions due to the need to compensate for attenuation. Similar effects are observed in receive beamforming [17] , where attenuation can cause scatterers to appear deeper than their true locations. Fig. 4(a) and (b) indicates that the beamformer is more selective in the lateral dimension than the depth dimension. This is inherent to the supine configuration since the array aperture primarily spans the lateral dimension and has a very small projection in the depth dimension due to the flattened nature of the breast.
Power density deposition images for the prone configuration are shown in Fig. 5 . Fig. 5(a) illustrates the case when the beamformer is designed to focus energy at (4.0, 4.0), while the focus location in Fig. 5(b) is (2.0, 4.0) . The maximum occurs at the designed focus location in both cases, and the 3-dB radius of is approximately 0.5 cm. In the prone configuration, the array aperture has approximately equal spans in both dimensions so the distribution lacks the asymmetry observed in the supine configuration.
B. Beamformer Power Deposition in a Heterogeneous Breast Model
The MRI-derived breast model used here includes the effects of the skin, tumor, and realistic tissue heterogeneity. This allows us to assess whether the simple homogeneous propagation model used in beamformer design produces satisfactory results in realistic scenarios. It also permits the evaluation of focusing under conditions where there is a dielectric-properties contrast between the heating zone and surrounding tissue. Figs. 6 and 7 display for the supine and prone configurations, respectively, with the same focus locations as Figs. 4 and 5. Note that more selective focusing is obtained using the anatomically realistic breast model (Figs. 6 and 7 ) than the homogeneous model (Figs. 4 and 5) . This is because the tumor has higher conductivity than the surrounding breast tissue and is proportional to conductivity [see (11) ]. Fig. 8 shows for the supine configuration as the nominal dielectric properties of normal breast tissue are varied from low (breast #1) to high (breast #5). All of these cases assume the maximum density variation in the MRI maps to a 10% variation about the nominal dielectric properties. Here, the tumor is centered at (5.0, 3.0). As shown in Fig. 8 , better focusing is obtained in breast phantoms with lower normal-tissue permittivity and conductivity. As the density of the breast increases, attenuation in normal breast tissue increases and the contrast between malignant and normal breast tissue decreases. Consequently, more energy is deposited near the surface and the focus at the tumor spreads. Fig. 9 shows as the variability changes from 10% to 50% about the nominal dielectric properties of breast #3. As is evident in this figure, there is relatively little difference between the results as the dielectric-properties variability increases from low to high, indicating that our focusing approach is relatively unaffected by the degree of heterogeneity of the breast. Figs. 10 and 11 repeat this robustness study for the prone configuration. Here, the tumor is centered at (4.0, 4.0). As in the supine configuration, increasing the nominal dielectric properties (density) of normal tissue leads to increased power deposition near the surface and less selective focusing, while increasing the variability (heterogeneity) has only a minor effect on . We have chosen to quantitatively summarize the results in Figs. 8-11 using two metrics of focusing selectivity:
, where the average breast is determined from data in the region within a 1-cm radius of the center of the tumor, and , where the average surface is determined from data in a 0.5-cm-thick layer beneath the skin/breast interface. Smaller values for both metrics indicate more selective focusing at the site of the tumor and less power deposition in the surrounding normal tissue.
Tables III-VI show the two metrics for the cases presented in Figs. 8-11 . As expected from the trends observed in these figures, the metrics are more sensitive to increases in nominal dielectric properties (density) of normal breast tissue and relatively insensitive to the level of heterogeneity within the breast. The selectivity metrics for the prone configuration are generally several decibels smaller than those for the supine configuration, which reflects the improvement in focusing selectivity for the prone configuration depicted in Figs. 8-11 .
C. 2-D FDTD Thermal Simulation Results
Figs. 12 and 13 show the temperature distribution within the breast for supine and prone configurations, respectively. In both cases, the thermal model is sourced with the power deposition data computed for either breast phantom #1 with 10% variability or breast #5 with 10% variability. The input power to the antennas and the temperature of the chilled cooling water was varied for each case, with total input power/centimeter varying from 16.8 to 57.3 W/cm and water temperatures varying from 15 C to 30 C. Hyperthermia generally requires elevation of the target region to temperatures from 42 C to 43 C, while maintaining the temperatures of healthy tissue regions below 42 C. These figures suggest that our approach can provide the temperature selectivity needed for effective hyperthermia treatment in a variety of breast tissue environments.
V. CONCLUSION
An investigation into the feasibility of using a UWB space-time beamforming microwave system for breast hyperthermia has been reported. A multiantenna system with FIR filters in each channel is used to compensate for the dispersive properties of breast tissue and provide constructive interference of the transmitted UWB pulses at a specified location in the breast. Initial feasibility studies of the effectiveness of this focusing method are performed using 2-D FDTD EM and thermal simulations. The results of these simulations show excellent EM focusing ability and suggest that the necessary temperature gradients required for effective hyperthermia may be achieved with this method. More advanced models are being developed to further investigate and validate the preferential heating capability of the technique.
